ABSTRACT A light-emitting diode (LED) can be modulated in visible light positioning systems so that it acts as a transmitter with a unique ID. However, we must be able to support unique IDs for many different LEDs, and LEDs sometimes also need to transmit other information. Therefore, it is necessary to increase the length of an LED ID. However, long codes are prone to contain excessive continuous strings of 0s or 1s, which is not conductive to correct ID identification. The Manchester code is usually used to eliminate this phenomenon, but its encoding efficiency is low. Furthermore, the Manchester code has no error-correction function. In this paper, we present a new method for encoding a long LED ID. We apply an exclusive OR (XOR) operation to the code using an appropriate mask so that no long continuous strings of 0s or 1s appear in the XOR result. Then the LED transmits the XOR result and the mask serial number. The ID of the LED is obtained by decoding. Compared with the Manchester code, the mask XOR code approach is more efficient. When a 34-bit ID is divided into two blocks, the encoding efficiency of the mask XOR code is 33% higher than that of the Manchester code. Compared with the Manchester code, when the information transmitted by an LED is encoded with the same ID length, the mask XOR code can additionally incorporate an error correction function to reduce the bit error rate. Adding an artificial baffle to the above methods results in a 5% error rate in the Manchester code, but the mask XOR code has no code errors. 
I. INTRODUCTION
The demand for location-based services is increasing rapidly. The Global Positioning System (GPS) can meet the requirements of people who work outdoors. GPS is not able to provide accurate indoor location information [1] . Indoor positioning technologies include radio frequency identification (RFID) [2] , wireless local area network (WIFI) positioning technology [3] and Bluetooth positioning technology [4] . Recently, visible light communication has developed rapidly. Visible light communication (VLC) based positioning technology has attracted researcher attention, because it can both achieve illumination and provide positioning information without requiring any additional hardware, and such systems have high positioning accuracy. Photodetectors (PD) and cameras are two common receivers of positioning systems
The associate editor coordinating the review of this manuscript and approving it for publication was Yap-Peng Tan. based on VLC [5] . The positioning methods based on PDs include the received signal strength (RSS) [6] , the angle of arrival (AOA) [7] , the time of arrival (TOA) [8] , the time difference of arrival (TDOA) [9] and the phase difference of arrival (PDOA) [10] . However, the RSS is susceptible to environmental conditions. The TOA requires strict time synchronization among all the LEDs. Determining the AOA, TDOA and PDOA are difficult. The RSS-based Epsilon system proposed by Li et al. [11] requires a PD to be connected to a mobile phone; it is suitable only for small areas such as office environments. Due to the above mentioned defects and the popularity of smart phones, indoor positioning based on image sensors in smart phones has become a research hotspot. People need only carry a mobile phone for the positioning to work. Mobile phones are typically equipped with a complementary metal oxide semiconductor (CMOS) image sensor. The CMOS has a rolling shutter effect that can reflect the time of it takes for a light-emitting diode (LED) to turn on or off in the image with stripes. Each LED transmits information modulated through on-off keying(OOK). Hossan et al. [12] used the pixel areas of LEDs on the image sensor to calculate the distance between the smartphone and the LED where the LED IDs contain the coordinate information for the LEDs. Xu et al. [13] proposed a dual-positioning approach using a commercial smartphone camera in which the LED positions can be either known or unknown.
In these studies, the positioning scene ranges from a few square meters to a dozen square meters. The current indoor positioning approaches have focused on libraries, shopping malls, underground parking lots, automated factories, logistics warehouses and other places with large areas. Many LEDs need to be deployed to enable positioning in large areas. To distinguish among LEDs, a unique ID is assigned to each LED [14] . Kuo et al. [15] showed that only 25-30 LEDs can be distinguished by different frequencies, and this limitation is unsuitable for the requirements of wide area positioning. Thus, a longer code for LED IDs needs to be selected. In addition to distinguishing an LED, a longer code can also transmit other information, such as discount information from shopping malls.
Consequently, studying longer IDs for LED transmissions in indoor positioning systems is a practical problem. However, some problems remain to be solved to be able to use longer LED IDs in transmission. As the distance increases, the number of stripes in one photo frame decreases, meaning that the full length of a long ID cannot be transmitted in one photo frame. Usually, we need to split the long ID into several photos to complete the transmission. The long ID in the transfer is composed of 0s and 1s, and long continuous strings of 0s or 1s may occur. A recognizable frame header cannot be designed. Because of the continuous 0s or 1s, the LED will be turned on or off for extended durations, causing an obvious flicker effect.When the led modulation frequency is 200hz, the human eye can observe obvious flicker. However, when the modulation frequency is 1000hz, there are 5 consecutive 0s or 1s in the code and obvious flicker is observed. Zhang et al. [16] used the Manchester code to eliminate long continuous strings of 0s and 1s. The Manchester code method is simple, but it also doubles the code length, meaning that even more photos are needed to receive the LED ID and that reading the LED ID requires an extended period of time, which causes a reduction in the positioning rate. Xie et al. [17] created different features for different LED-IDs and use a machine learning method to identify different LED-IDs, but the proposed scheme could offer IDs for only 1035 LEDs.Moreover, the scheme is quite complicated.
In this paper, we propose a new method for encoding long LED IDs. This approach has the advantage of being able to support unique IDs for large numbers of LEDs. The new coding method also solves long continuous 0s or 1s problem with high coding efficiency. Because of its high coding efficiency, the new coding method is able to add an error correction function when the coding length is the same. We name the new encoding method the ''mask XOR code''. The mask XOR code is highly useful for indoor position systems. In section II, we discuss the principle and rules of the mask XOR code; in section III, we provide the coding details and discuss the calculation parameters for the experimental system. The parameters are obtained using iPhone8 Plus mobile phones. In section IV, we describe the experiments conducted to demonstrate the performance of the mask XOR code. And section V summarizes the content of the article.
II. MASK XOR CODE PRINCIPLE
The operation of the code-based visible light position system is shown in Fig. 1 . The VLP relies on the modulation of the LED and the rolling shutter effect of the CMOS. First, we assign a unique ID to each LED and block the ID according to the actual situation. Then, LED is OOK-modulated so that LED is switched on and off at high speed according to the code. Then the CMOS camera on a mobile phone is used to take photos. Because of the length of the ID, more than one photo is required. Next, image processing is performed, and the code is recognized based on the frame header. Finally, identified codes are decoded to obtain the ID of the LED.
A. ROLLING SHUTTER EFFECT
The camera has two exposure modes: rolling shutter and global shutter. The global shutter mode simultaneously VOLUME 7, 2019 FIGURE 2. The rolling shutter process. exposes all the pixels, while the rolling shutter mode exposes each row of pixels sequentially. As shown in Fig. 2 , each row of pixels separately captures the status of the current LED. When the exposure time of each pixel row of the CMOS is shorter than the time it takes for the LED to turn on (or off), several rows of pixels will record the state of LED, forming corresponding bright (or dark) stripes in the photo.
B. ENCODING RULES
The problem encountered by the VLP system in transmitting long IDs is that there are long continuous strings of 0s and 1s in the ID. QR (Quick Response) codes also have large continuous black (0) or white (1) problems. To solve this problem, the researchers obtained 8 types of mask patterns. The original QR code XOR 8 mask patterns. Using an evaluation rule, the best XOR result of the black-and-white distribution is selected and the mask serial number is recorded. Thus, black(0) or white(1) are no longer continuously distributed over large areas. The eight mask patterns are shown in Fig. 3 . The problem of too long continuous strings of 0s or 1s in an LED ID is similar to the problem of large continuous black and white distributions in a QR code; consequently, we selected these eight masks for the XOR code. Many mask patterns could potentially be used to solve the problem of continuous 0s and 1s in LED IDs. Because of the problem similarity, this paper draws on the method for generating QR codes. The QR code international standard (ISO/IEC 18004-2000) and the QR code Chinese National Standard (GB/T 18284-2000) both use these eight masks to separate the QR code black and white distributions. These 8 mask patterns are obtained via considerable practical experience. These eight mask patterns can achieve the 0 and 1 distribution of more unique columns. While these masks are not the only solutions, they are the best choice for many applications. After assigning a unique long ID to eaach LED, that ID is traversed through the above eight mask patterns. The ID is XOR with each pattern. Find out the XOR result of 0 and 1 distribution and the serial number of the pattern is recorded. The matrix G is used to record the distribution encountered by a string of codes traversing 8 masks. Each row of matrix G corresponds to a specific situation. The dimension of the corresponding matrix G varies with the length of the code. Selecting a row from mask pattern a in Fig. 3 , starting from the beginning, we write the sequence of the block length according to the black (0) white (1) indication. Then, we shift one bit to the right, and write the block length sequence according to the black (0) white (1) pattern. This operation continues until all the different columns in mask pattern a are complete. Using the above operations, we also traverse the mask patternss b, c, d, e, f, g, h in turn, and then compose the row sequence into G matrix. To support ID extensibility, the block length should be at least 10 bits. The block length can be designed according to system. Here, we provides two examples. When the code length is 12 and the code traverses mask pattern c in Fig. 3 , three types of distributions result:101101101101(as shown in Fig. 4a) , 011011011011(as shown in Fig. 4b ) and 110110110110(as shown in Fig. 4c ). When the length of the code is 17, the code traverses mask pattern c in Fig. 3 , resulting in three types of distributions: 10110110110110110(as shown in Fig. 4d) , 01101101101101101(as shown in Fig. 4e ) and 11011011011011011(as shown in Fig. 4f) .
The G matrix for a code length of 17 is shown in the Appendix.
The XOR result requires a rule to evaluate whether it meets the requirements. When the XOR result meets the rule, we note the row serial number of the G matrix. We can set the rule to an XOR result with up to 3 consecutive 0s and 1s. Alternatively, we can also set the rule to an XOR result with up to 3 consecutive 0s and up to 4 consecutive 1s or up to 4 consecutive 0s and up to 3 consecutive 1s. The evaluation rules can be determined according to the system conditions.
Coding rules:
(1) Determine the length of a block and block the long LED ID; (2) The matrix G is written according to the block length; (3) Determine the evaluation rules; (4) Block ID XOR each row in G until the XOR result meets the evaluation rule.Then, the XOR result is recorded, and the row serial number of G matrix is also recorded; (5) Design the frame headers according to the evaluation rules; (6) The code transmitted by the LED is composed as follows: frame header + the serial number of block ID in the original ID + the serial number of the appropriate row in G matrix + the XOR result.
Encoding example: We enncode a 34-bit LED ID(1000011 101001111101011000011010011).The process is depicted in Figure 5 .
The 34-bit ID is encoded by the Manchester code and transmitted in two blocks. The code composition will be as follows:frame header + the serial number of block ID in the original ID + the Manchester code encoded ID.
The code transmitted by LED is: 100001 01 1001010101101010011001011010101010 100001 10 0110011010010101011010011001011010 Using the mask XOR code, when there are at most 3 consecutive 0s or 1s in the XOR result, we can design the frame header 100001 for recognition, and the human eye does not observe the flicker. When using Manchester code, a maximum of 2 consecutive 0s and 1s appear in the XOR result. However, there will be 3 consecutive 0s in the G matrix serial number, and the shortest frame header that can be used for identification is 100001. Therefore, even if the mask XOR code has 3 consecutive 0s and 1s in the XOR result, it does not affect the encoding effect.
The length of the Manchester coded 34-bit ID is 84 bits, and the length of the mask XOR coded 34-bit ID is 56 bits. The encoding efficiency is increased by 33%. The 60-bit ID encoded in the mask XOR code can be transmitted in three blocks. A 60-bit ID encoded in the Manchester code can be transmitted in three blocks. The mask XOR encoding efficiency is 32.6% higher than that of the Manchester method. A 36-bit ID encoded in the mask XOR code can be transmitted in two blocks. A 36-bit ID encoded in the Manchester code can be transmitted in four blocks. The mask XOR encoding efficiency is 42.6% higher than that of the Manchester code method.
C. IMAGE PROCESSING
The images must be processed to obtain useful information. The image processing flow is shown in Fig. 6 .
D. DECODING RULES
Each photo has only a part of the ID, and each block ID needs to be spliced in order according to the serial number of this block ID in the origin LED ID.The length of the serial number for block ID in the original ID is ''k''. The length of VOLUME 7, 2019 the serial number of the appropriate row in matrix G is ''g''. The decoding process is shown in Fig. 7 .
III. CALCULATION OF THE SYSTEM PARAMETERS
The correct identification of the LED ID depends on the sharpness of the stripes in the image, which further depend on the parameters of the LED and the camera. To identify an LED ID, we need to set the optimal parameters to create a photo frame that will have more effective data. This section proposes how to calculate the LED modulation parameters and the camera parameters in the system.
A. CAMERA PARAMETERS AND LED MODULATION PARAMETERS
Various camera parameters can affect the quality of a photo. For the same image sensor, the number of pixels and the line scan rate are determined by the sensor itself and cannot be changed. Although these two parameters affect the quantity and quality of the stripes in images,we will not discuss them. The two most influential parameters are the exposure time and the ISO value. Exposure time is the time to each pixel to collect photons. The stripes formed by the LED being turned on and the stripes formed by the LED being turned off have the highest possible contrast. In our sheme, the contrast between bright and dark stripes is used as the standard to evaluate the image quality. Fig. 8 shows the relative amplitude between bright and dark stripes at different exposure time.According to the figure, a shorter exposure time results in larger relative amplitude between the bright and dark stripes, and consequently, greater stripe definition in the image. Therefore, we determined that the camera exposure time is 1/10000 second.
The ISO value indicates the camera sensitivity and represents the shutter speed. A high ISO value represents a high sensitivity. The brightness of the image can be adjusted by adjusting the sensitivity. A higher ISO value means a brighter image. We need a higher contrast between bright and dark stripes, and we cannot directly select a lower or higher ISO value. In the experiment with an iPhone 8 Plus, as shown in Fig. 8 , when the ISO value is set to 64, the relative amplitude between the bright and dark stripes in the photo is maximized, and the image stripes are the clearest.
A row of pixel exposure times is less than the time it takes for an LED to turn on (or off), thus forming a clear stripe.
where ''t'' is exposure time of each pixel row; ''f'' is the LED modulation frequency.
The more stripes that can be included in a frame, the more efficient it is to transmit the LED ID. The higher the LED modulation frequency is, the more stripes that will appear in each frame. A stripe should be at least 4 to 5 pixels wide to be recognized. The exposure time is 1/10000 second, the ISO is 64. When the modulation frequency of LED is 8333 Hz, the stripes in the image are clear and frequent.
B. OPTIMAL BLOCK LENGTH
The block ID can only be recognized after the frame header is found. The number of stripes in a photo frame is fixed. If the length of a block ID is set too short, each block ID must add a frame header and the serial number, and the transmission efficiency will be low. Conversely, if the length of a block ID is too long, a block ID may not be recognized in single photo frame, which also results in low transmission efficiency. When the camera parameters, LED modulation parameters and distance are fixed, an optimal block length exists, the result is that the number of IDs in one photo frame is maximized.
We denote the number of stripes in a frame is ''N'', the length of the block ID as ''n'',the number of block IDs in a frame as ''a'', the total length of the frame header and serial number as ''l''. The probability of including ''a'' blocks ID in a photo is:
When the parameters are fixed, the number of IDs that can be completely recognized in one photo frame may differ.
A photo may contain a 1 blocks ID, a 2 blocks ID,. . . , a n blocks ID. The weighted average of the number of the recognized IDs in a photo is:
When the shooting distance is 1.5 meters, the LED modulation frequency is 8333hz, the camera exposure time is 1/10000 second and the ISO is 64, we can use Eq. (3) to calculate the weighted average of the number of the recognized IDs in a photo. The number of stripes in one frame photo is 70. The length of the frame header is 6 bits. The length of serial number is 7 bits.As shown in Fig. 10 , the optimal block length is 16 bits. When the block length is 16 bits, the number of IDs found in a frame is maximized, and the ID transmission efficiency has reached its maximum.
C. EXPERIMENTAL EQUIPMENT AND PARAMETERS
In this experiment, we used the iPhone8 plus rear camera with LED lamps 17 cm in diameter, and the shooting distance was 1.5 metres away from the LED lamp. The exposure time of the mobile phone camera is 1/10000 second, the ISO is 64, the image sensor resolution is 120 million pixels and the row scan rate is 50000Hz. The LED modulation frequency is 8333Hz. The block length is 16 bits.
IV. EXPERIMENTAL RESULTS

A. ENCODING EFFICIENCY EVALUATION
When solving the continuous 0s or 1s problem in a long LED ID, compared to the Manchester code, the mask XOR code method significantly reduces the code length and improves the encoding efficiency. Fewer photos are required to transmit the LED ID. Applied to indoor positioning systems, this means that fewer photos are required to complete the ID recognition, which improves positioning rate.
As shown in Fig. 12 , the mask XOR code is more efficient than the Manchester code. When transmitting a 100-bit ID, the mask XOR code method requires up to 6 photos, whereas the Manchester code method requires up to 10 photos. As shown in Fig. 13 , the mask XOR code method includes more LED IDs than does the Manchester code method when using 4 photos for detection. The Manchester code method can detect up to 80-bit of LED ID, whereas the mask XOR code method can detect up to 128-bit LED ID. 
B. BIT ERROR RATE EVALUATION
The mask XOR code method has a higher encoding efficiency. When the length of the the mask XOR code method is fixed to be the same as other code methods, the information to be transmitted can be encoded by RS (Reed-Solomon) code or BCH code to reduce the error rate.
When assigning a 36-bit ID to LED, first, the ID is encoded by RS (15,9) code to 60 bits. Then,the mask XOR code method is used for encoding. The ID is divided into four blocks for transmission, with a total of 4 * (6 + 8) = 56 bits for the frame header and serial number. The total length of the transmitted LED information is 116 bits. If we assign a 36-bit ID to the LED and encod it by the Manchester code to 72 bits. The ID is divided into four blocks for transmission, with a total of 4 * (6 + 4) = 40 bits for the frame header and serial number. The total length of the LED transmission information is 112 bits.
Both encoding methods transmit the same information and encode to a similar length. The Mask XOR code method can correct 3 error symbols, while the Manchester code method has no error correction function. We added an artificial occlusion as shown in Fig. 14 , where an irregular edge occlusion appears in the middle part of the image. Regardless of the original ID, the recognition code is ''000''. Under these conditions, the mask XOR code method can still be correctly decoded with no error. While the Manchester code method include errors at an error rate of 5%.
V. CONCLUSIONS
High-efficiency transmission of long IDs is challenging in large-scale VLP systems. As the popularity of mobile phones, imaging to obtain positional information has become increasingly mainstream. In this paper, we propose a method for encoding LED IDs that can be applied to image positioning. Our approach supports different IDs for a large number of LEDs and can efficiently solve the problem of continuous 0s or 1s that appear in long codes. According to the mathematical calculations and the experimental analyses, the proposed coding method are more efficient than the Manchester code. The mask XOR code greatly improves the speed of indoor positioning, makeing real-time positioning possible. Compared with the Manchester code, when the code length is the same, the mask XOR code can improve the accuracy of ID identification by adding an error correction function. In the VLP system, the position information can be completely wrong if an ID is misidentified. Thus, the Mask XOR code improves the positioning accuracy. Therefore, the mask XOR code satisfies the need for accurate real-time positioning in large indoor areas. We can conclude that the Mask XOR code has great value in large-scale VLP.
APPENDICES
When the length of code is 17 traverses mask pattern a in Fig.3 , we encounter two types of distribution: 10101010101010101, 01010101010101010; when traversing mask pattern b in Fig.3 , we encounter only one distribution :00000000000000000; similarly, for mask pattern c in Fig.3 , we encounter three types of distribution: 10110110110110110, 01101101101101101, 1101101101101 1011; when traversing mask pattern d in Fig.3 , we encounter the same distribution as when traversing mask pattern c; when traversing mask pattern e in Fig.3 , we encounter six types of distribution: 11100011100011100, 11000111000111001, 10001110001110001, 00011100011100011, 0011100011100 0111, 01110001110001110; when traversing mask pattern f in Fig.3 , we encounter six kinds of distribution(do not record rows that have already appeared before): 11111011111011111, 11110111110111110, 1110111110111 1101, 11011111011111011, 10111110111110111, 01111101 111101111; when traversing mask pattern g in Fig.3 , we encounter three kinds of distribution(we do not show rows that have previously appeared): 00100100100100100, 01001001001001001, 10010010010010010; when traversing mask pattern h in Fig.3 , we encounter the same distribution as traversing mask pattern e and a. Finally we get a 21*17 matrix G. The G martix is: 1, 1, 0, 0, 0, 1, 1, 1, 0, 0, 0, 1, 1, 1, 0, 0  1, 1, 0, 0, 0, 1, 1, 1, 0, 0, 0, 1, 1, 1, 0 1, 1, 0, 1, 1, 1, 1, 1, 0, 1, 1, 1, 1, 1, 0, 1  1, 1, 0, 1, 1, 1, 1, 1, 0, 1, 1, 1, 1, 1, 0, 1, 1  1, 0, 1, 1, 1, 1, 1, 0, 1, 1, 1, 1, 1, 0, 1, 1, 1  0, 1, 1, 1, 1, 1, 0, 1, 1, 1, 1, 1, 0, 1, 1, 1, 1  1, 1, 1, 1, 1, 0, 1, 1, 1, 1, 1, 0, 1, 1, 1, 1, 1  1, 1, 1, 1, 0, 1, 1, 1, 1, 1, 0, 1, 1, 1, 1, 1, 0  1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1  0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1 
